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SIMULATING MULTI-DIMENSIONAL FLOW
WITH COUPLED ONE-DIMENSIONAL
FLOW PATHS

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s the National Stage of, and therefore
claims the benefit of, International Application No. PCT/US
2015/059034 filed on Nov. 4, 2013, entitled “SIMULATING
MULTI-DIMENSIONAL FLOW WITH COUPLED ONE-
DIMENSIONAL FLOW PATHS,” which was published 1n
English under International Publication Number WO 2017/
078700 on May 11, 2017. The above application 1s com-
monly assigned with this National Stage application and 1s
incorporated herein by reference 1n 1ts entirety.

BACKGROUND

Unconventional reservoirs often have a low-permeability
rock matrix that impedes fluid flow, making 1t diflicult to
extract hydrocarbons (or other fluids of interest) at commer-
cially-feasible rates and volumes. Fortunately, various treat-
ments can be used to increase the eflective permeability of
the formation. For example, when a proper acidic solution 1s
injected 1nto the formation, 1t dissolves regions of the matrix
around the pores to create “wormholes” through which
fluids can more easily tlow.

To determine the desirability of an acidizing treatment,
reservolr engineers may employ formation models with
three spatial dimensions for simulating this unsteady pro-
cess, numerically solving the fluid flow goverming equations
to determine the transient formation fluids’ transient behav-
10r before the treatment, as well as to determine the flow of
injected treatment fluids for estimating changes to etlective
permeability 1n all directions, and to simulate the flow of
formation fluids after the treatment while accounting for
anisotropic permeability. See, ¢.g., Bagheri, M. and Settari,
A., “Methods of Modelling full Tensor Permeability in
Reservoir Simulators”, PETSOC-07-03-02, 2007; and Yet-
kin C., Ramiraz B., Al-Kobaisi, M., Ozkan, E., “A Simple
Method to Account for Permeability Anisotropy 1n Reservoir
Models and Multi-Well Pressure Interference Tests”, SPE
122972, 2009. Using such simulators, the treatment design
engineers can then compare fluid flows “before” and *“after”
the treatment operation to evaluate and optimize the eflec-
tiveness of the treatment.

Unfortunately, such three spatial dimensional modeling
often 1imposes computational resource requirements that are
prohibitive and typically not justified in view of the limited
amount ol information regarding downhole reservoir con-
ditions. Accordingly, various alternative approaches have
been sought to significantly reduce the computational
resource requirements while still providing sufliciently
accurate results that account for, among other things, the
ellects of anisotropic permeability. See, e.g., Cline, S. B. and
Tiab, D., “Studies 1n Vertical and Horizontal Well-Flow
Behavior in cases of Permeability Anisotropy™, SPE 710835,

2001; and Azom, P. N., Srimvasan, S., “Modeling the Eilect
of Permeability Anisotropy on the Steam-Assisted Gravity
Drainage (SAGD) Process™, SPE 149274, 2011. The accu-
racy of these alternative approaches remains nsuflicient for
many applications.

BRIEF DESCRIPTION OF THE DRAWINGS

Accordingly, the drawings and the following description
disclose simulation systems and methods that simulate
multi-dimensional flow using coupled one-dimensional flow
paths. In the drawings:
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FIG. 1A 1s an environmental view of an illustrative
acidizing operation.

FIG. 1B 1s a block diagram of an illustrative formation
flow simulator.

FIG. 2 1s a diagram of a discretization grid for a one-
dimensional formation model.

FIG. 3 1s a flow diagram of an 1llustrative formation flow
simulation method.

FIGS. 4A-4F are graphs of tflow velocity and pressure as
a function of position.

It should be understood, however, that the specific
embodiments given in the drawings and detailed description
do not limait the disclosure. On the contrary, they provide the
foundation for one of ordinary skill to discern the alternative
forms, equivalents, and modifications that are encompassed
together with one or more of the given embodiments in the
scope of the appended claims.

DETAILED DESCRIPTION

FIG. 1A shows an illustrative acidizing operation to serve
as context for describing the disclosed systems and methods,
though 1t will become clear that they are applicable to a wide
range of situations where 1t would be desirable to determine
formation fluid flow distributions. A drlling platform 102
supports a derrick 104 having a traveling block 106 for
raising and lowering a drill string or other tubing string 108
into a partially cased borehole 110. As the tubular string 108
1s lowered into the borehole 110, a top drive 112 supports
and rotates the tubular string while supplying a flow of fluid
through the interior. At least some of the fluid flow returns
along the annulus around the tubing string 108, providing
lubrication and sweeping debris upward 1nto a retention pit
114 on the surface. Cleaning equipment removes cuttings
and other debris from the fluid, enabling 1t to be recycled. A
pump 116 circulates the recycled tluid back to the top drive
112.

The 1llustrated borehole 110 penetrates into a series of
horizontal formation layers 118, at least one of which
presumably includes a tight (low permeability) reservoir of
hydrocarbon fluids. The borehole 110 1s encased (“open™)
where 1t contacts the formation layers 118. To treat the
reservoir layer, the crew 1njects an acidic treatment fluid 120
obtained by blending acid 121 with and other fluids and
materials. The injected treatment fluid 120 enters the various
formation layers via the open borehole. The relative tlow
rates and eventual distribution of the treatment fluids within
the formation layers 1s governed by their (generally aniso-
tropic) permeability.

FIG. 1A further shows a data acquisition unit 122 that
collects measurements from the various sensors distributed
across the platform, derrick, and downhole. In addition to
measured depth, pump rate, hook load, torque, and other
typical measurements collected by surface sensors, the data
acquisition unmit 122 may collect logging measurements
received via telemetry signals from downhole logging sen-
sors. The data acquisition unit 122 communicates the mea-
surements via wired or wireless communications link 124 to
a computer 126. Though shown here as a tablet computer,
computer 126 can be embodied as a handheld mobile device,
a notebook, a laptop, a desktop computer, a workstation, a
mainframe, a virtual (e.g., cloud) computing system, or a
networked combination of such devices including a distrib-
uted computing network. Thus computer 126 need not be
limited to an on-site facility, but may be or include resources
in an off-site computing facility, e.g., a remote central
computing facility.
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Computer 126 executes solftware to process the measure-
ments into suitable form for display to a user. The informa-
tion displayed by the computer may include an estimated or
predicted distribution of treatment fluid in the formation
layers, the estimate or prediction being based on measured
formation permeability, layer thicknesses, and characteris-
tics of the treatment fluid program including specified 1njec-
tion pressures, volumes and other properties of the treatment
fluid. The user may employ the information to adjust the
treatment fluid program. Alternatively, the user may specily
desired targets and have the computer optimize the treatment
program accordingly.

FIG. 1B 1s a block diagram of an illustrative computer 126
which, when executing suitable software, operates as a
formation flow simulator. The simulation software 1s stored
on disk 150 and loaded 1into memory 151, 152 for execution
by one or more processors 153, 154. The processors 153,
154 communicate with each other and a bus bridge 156 via
a high-speed processor bus 158. The bridge 156 couples
communications irom the high-speed processor bus 158 to
an 1nput/output bus 160 and to a display interface 162. The
display interface 162 supplies a video stream to display
device 164, optionally including a graphical user interface
with a visual representation of the simulation results. The
input/output bus 160 enables the processors to communicate
with disk 150, a network interface 166, and a peripheral
interface 168. The peripheral interface couples to a touch-
sensitive surface 170 over display 164, a keyboard 172, or
other 1mnput devices through which a user may enter com-
mands and control the operation of the computer 126. The
network interface 166 accepts communications from the
wired or wireless link 124 and may further provide com-
munications with a remote computing facility.

The block diagram of 1llustrative computer 126 1s merely
illustrative of the structure and operation of a typical pro-
cessing device for executing soitware that implements the
disclosed formation tlow simulation methods and tech-
niques. When operating 1n this fashion, the computer derives
a distribution of fluid flows and components that can be
stored on nonvolatile information storage media and dis-
played for a user to view and interact with. The user can
responsively modily the proposed or ongoing fluid treatment
program, ¢.g., adjusting injection (inlet) pressures, flow
rates, durations, flow volumes, fluid densities, fluid viscosi-
ties, tluid compositions, shut-in times, etc. to optimize the
clliciency of the treatment or otherwise achieve the desired
goals of the treatment operation. Alternatively, the user may
ask the computer to make such modifications automatically
to achieve the desired goals. In some embodiments, the
computer actuates valves and adjusts pumping rates to
provide real time control for the treatment operation.

To enable the computer 126 to accurately simulate the
flow of fluids to or from the formation without consuming an
inordinate amount of computational resources (1.e., memory,
processors, bus/network communications bandwidth, and
“wall-clock” time), the software reduces the size of the
simulation domain 1 a very strategic way. Namely, the
simulation software models the formation as a set of hori-
zontal layers that are symmetric about a straight borehole
axis. In other words, the formation 1s assumed to vary along
only one dimension (parallel to the borehole). Each layer of
the formation can then be modeled with a corresponding
one-dimensional flow path as demonstrated by FI1G. 2. (This
approach provides tlow conditions that are averaged across
the height and circumierential width of each layer.)

FIG. 2 shows an 1llustrative formation having three flow
paths 202, 204, and 206, extending radially from the bore-
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hole, with each representing a corresponding formation
layer. In practice, more layers may be modeled. A fourth
flow path 208 represents the borehole which couples to each
of the layer flow paths. Along each of the tflow paths are
staggered discretization points of two types. Circles indicate
pressure discretization points 210, where the fluid pressure
p,; 1s calculated (1 1s the mndex imndicating the tlow path (or
layer) number, and j 1s the index indicating the position of
the discretization point along the flow path). Diamonds
indicate tlow rate discretization points 212, where the tlow
rate g, ; (or equivalently, the flow velocity u, ;) 1s calculated.
Discretizing of flow-paths 1n this fashion has been found to
suppress numerical simulation artifacts.

It should be noted that finer discretizations produce more
realistic and physically accurate results, and accordingly the
number of discretization points employed along each of the
flow paths 1s expected to be significantly higher than what 1s
shown here. To ensure that the discretization 1s fine enough,
the simulation software may repeat the simulation with a
different number of discretization points and determine
whether the simulation results have significantly changed. IT
s0, the number of points should be increased until the results
converge. Selected nodes may have their values set to
provide boundary conditions for the simulation and account
for interaction with the surrounding reservorir.

FIG. 2 further shows a height H. for each layer 1, and the
discretization points are positioned in the middle of the
respective layers. Still further, FIG. 2 shows potential cross-
flows between the layers to enable the simulation software
to account for the general flow through the layers. Any such
vertical flow between layers 1s presumed to occur at the flow
rate discretization points. For the node 1,1, the flow loss/gains
q;; are represented as arrows labeled v, ;. and v, . The
following equations account for vertical permeability and

cross-flow eflects, unsteady flow, and incompressible and
non-Newtonian fluids, and may be solved, for example, by
using an 1mplicit solver.

The one-dimensional model consists of cross-section-
averaged unsteady mass and momentum governing equa-
tions that are solved for a generally circular borehole. The
model’s dynamic equations are for the averaged velocity and
pressure, subject to the physics observations that the flow
field 1s axisymmetric and velocity gradients 1n the z-direc-
tion are negligible. Thus, when focusing on the reservoir
domain of interest, this leads to the following fluid’s mass
and momentum balance conservation equations:

d(¢p) (1)

(F‘pM) (ﬁ )TF' | (pv)ﬂﬂrmm
at F

— 0. and
7 H H > 4t

d(pu) p dp = O(rpu) (2)

+ —u+—+
ot Khu dr ror

[_(v)Tr:rp + (v)ﬂm‘l‘ﬂm] =0,

where @ 1s the reservoir porosity, p 1s the fluid density, /ot
indicates a partial derivative with respect to time t, r 1s radial
distance from the borehole axis, u 1s radial velocity of the
fluid, o/ar indicates a partial derrvative with respect to radial
distance r, v 1s velocity of the vertical cross-tlow, H 1s the
layer height, pu 1s the viscosity of the fluid, K, 1s the
horizontal permeability, and p 1s pressure. The simulation
soltware applies equations (1) and (2) to each control
volume defined by a pair of pressure and flow rate discreti-
zation points.
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Using Darcy’s law, the cross-flow velocity can be calcu-
lated as:

K,op
p 9z

(3)

VYV =

where K  1s the vertical permeability, and o/3z indicates a
partial dertvative with respect to depth z. Equation (3) can
be expanded, e.g., as

K, p) (4)
V Top = — QPTQP[ (HTDP + H) ’
where H, , 1s the height of the layer above the current layer,

and the change in pressure 1s preferably computed as

1 (3)
Apiop = 5{(,!?:',;—1 + pi i) —(pic1j-1 + Pi-1.j)}

with pressure p, ; being indexed as shown i FIG. 2. Simi-
larly,

1 (6)
A Ppotiom = 5{(P5+1,J‘—1 + Piv1,;) —(pi -1 + pi )k

The foregoing mathematical model equations provide for
mass and momentum conservation in the reservoir with tfluid
loss due to anisotropic permeability. Indeed, the last term 1n
equation (1) 1s the source term representing the volumetric
fluid mass loss/gain between the neighboring layers at a
specific nodal location. Similarly, the last term 1n equation
(2) represents the volumetric momentum loss/gain between
the neighboring layers at a nodal location. At the top-most
layer, tluid loss/gain 1s permitted through the model bound-
ary, and a similar condition may be imposed on the bottom-
most layer.

The simulation software constructs a set of sparse matri-
ces representing the foregoing equations as applied to each
of the control volumes. Boundary conditions are imposed by
specilying selected node values. For example, the injected
flow rate and/or fluid pressure may be specified by setting
suitable values at the topmost discretization points in the
borehole. Estimated formation pressures are provided at the
outermost pressure discretization points of the layer tlow
paths.

The simulation software then solves the simultaneous
equations by applying a linear solver to the sparse matrices.
In so doing, the software derives a subsequent fluid tlow
state from a current fluid flow state. By 1iteratively applying
the equations to each newly achieved flmd flow state, the
software simulates the flow of the fluids through the forma-
tion.

In view of the foregoing principles and techniques, FIG.
3 presents an illustrative formation flow simulation method
that may be implemented in large part by the previously
described computing systems. Though the operations of the
method are shown and described as being sequential, in
practice the operations are expected to occur concurrently
and with potentially different orders.

FIG. 3 shows an 1llustrative stmulation method 1n greater
detail. It begins in block 302 with the simulation software
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6

obtaining information regarding the properties of the region
and fluids to be simulated, including formation layering,
permeability, 1njection rates, viscosities and boundary con-
ditions. In block 304, the simulation software discretizes the
borehole and layer flow paths.

In block 306, the simulation software constructs a state
vector representing the parameter values at each of the
discretization points, which initially represent the formation
state before the treatment operation begins. The simulation
soltware further constructs a sparse solution matrix repre-
senting the equations that govern the interactions between
the nodes, including, e.g., equations (1)-(6). Together the
state vector and solution matrix provide a system of linear
equations that the simulation soitware solves 1n block 308 to
express the subsequent state vector in terms of the current
state vector.

In block 310, the simulation software saves the subse-
quent state vector and makes 1t the “current” state vector. In
block 312, the time index 1s updated accordingly. The
simulation software determines whether to terminate the
simulation 1n block 314, e.g., when the last time 1ndex has
been reached. If not, the simulation software repeats blocks
308-314 to determine subsequent states of the tlow.

Otherwise 1n block 316, the simulation software stores the
time-dependent distribution of fluid flow parameters on a
non-transient information storage medium and displays a
visual representation of them to a user. In block 318, the
results are used as a prediction of the treatment operation
outcome, enabling the treatment program to be evaluated
and modified 1f necessary.

The simulation software may comprise one or more
commercially available software packages and libraries
installed 1 the computer to provide the functionality for
solving linear systems. User-authored programs, functions,
scripts, worktlows, or other programming mechanisms may
be employed to customize the operation of the soitware and
automate the operations outlined above for simulating tlow
with a one-dimensional formation model. The simulation
soltware may include a formation modeling module, a flow
path discretization module, an equation construction mod-
ule, an equation solving module, a user interface module,
and other function modules, each implemented in the form
of machine-readable mstructions. Examples of suitable pro-
gramming language instructions mclude C, C++, C++ AMP,
D, Erlang, Python and Fortran. The computer can be pre-
programmed with the software or can be programmed (and
reprogrammed) by loading a program from another source
(e.g., from a CD-ROM, from another computer device
through a data network, or 1n another manner). Nevertheless,
the implementation of the foregoing methods 1s not limited
to any specific software language or execution environment.
Though the operations of the method are shown and
described as being sequential, 1n practice the operations are
expected to occur concurrently and 1n a potentially difierent
order.

Simulation software employing the foregoing techniques
was applied, for example, to a one dimensional formation
model having a 500 m payzone divided into three equally-
s1zed horizontal reservoir layers and contacted by a vertical
open borehole having a diameter of 0.1 m and a length of
1000 m. The effective outer radius of the model 1s 100 m and
1s maintained at a relative pressure ol 0 Pa. Each of the three
layers has a porosity of 0.2 and a horizontal permeability of
K,=1x10"° m”. The injected fluid has a viscosity of 1x107>
Pa-s and a density of 1x10° kg/m?. The fluid is injected with
an mlet velocity of 10 m/s. The pressure discretization points
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are spaced 1 m apart along the borehole and layer flow paths,
and the simulation time step 1s set at 0.01 s.

The simulation was run twice, once with a vertical per-
meability of K =0 (to generate a reference case without
vertical cross-tlow), and once with a vertical permeability of

K, =1x10~" m”. FIGS. 4A-4F show the simulation results at
t=2.49 s.

FIG. 4A compares the radial fluid velocity as a function
of radial distance for the first layer, showing that the tlow
inward along the layer to the borehole with cross-tlow
(curve 404) 1s reduced relative to the tflow without cross-
flow (curve 402). As shown 1n FIG. 4B, the pressure as a
function of radial distance 1s increased with cross-tlow
(curve 414) relative to the reference curve 412.

FIGS. 4C and 4D compare the radial fluid velocity and the
pressure distribution 1n the second layer. The behavior here
with cross-tlow (curves 424, 434) departs significantly from
the behavior without cross-flow (reference curves 422, 432).
Both the reference radial flow and radial-tlow with cross-
flow velocities are outward, but the reference velocity curve
422 decreases monotonically while the cross-tlow curve 424
increases with distance until a peak 1s reached and the
velocity again {falls. The reference pressure curve 432
increases monotonically while the cross-tlow pressure curve
434 rises to a peak and then falls with distance.

FIG. 4E shows the third layer’s reference curve 452 and
cross-flow curve 454, which are nearly indistinguishable.
The cross-flow curve 454 {falls slightly faster than the
reference curve, due to fluid escaping into the second layer.
The pressure curves 462, 464 for the third layer are indis-
tinguishable.

Clearly, the bulk of the injected fluid flows through the
third layer 1n both cases, but with the cross-tlow, the top and
bottom layers each lose flow to the middle layer, where the
pressure 1s lower. The solution 1s stable at the high Reynolds
numbers typically found in formation flow. These results
suggest that the numerical scheme developed for this model
1s robust and results i very stable solutions for long time
simulations. The cross-flow inherently aflects the penetra-
tion of acid into the formation, and hence, the wormhole
generation process.

Accordingly, there has been disclosed systems and meth-
ods that model the formation with one-dimensional (linear)
fluid flow paths while accounting for cross-flow fluid gains/
losses between the layers 1n both the mass and momentum
balance equations. Vertical permeability 1s accounted for at
the layer boundaries. While providing for reduced complex-
ity and faster simulations, the model nevertheless yields
accurate, stable, and robust solutions that properly account
tor the necessary physical principles. As such, the methods
and systems are applicable to a wide variety of formation
fluids 1including other treatment fluids such as sand-control
resins, diversion and flooding fluids in enhanced o1l recov-
ery applications, and 1s fast enough for use in real-time
control of the treatment operations. It may further have
applicability for hydraulic fracturing applications and digital
temperature sensing.

In summary, the embodiments disclosed herein include:

A: A formation flow simulation method that comprises:
measuring a horizontal and vertical permeability of at least
one bed 1 a formation penetrated by a vertical borehole;
representing the borehole as a linear, discretized borehole
flow path; representing the formation as a plurality of
horizontal layers, each player of the plurality of horizontal
layers being represented as a linear, discretized layer tlow
path; constructing a current state vector having values of
flow parameters for the discretized borehole tlow path and
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cach of the discretized layer flow paths; constructing a
solution matrix embodying a set of flow equations that relate
the current state vector to a subsequent state vector, the flow
equations employing the measured horizontal permeability
for tlow along the discretized layer flow path for the each
layer and employing the measured vertical permeability for
cross-flow to or from the each layer, wherein the solution
matrix, current state vector, and subsequent state vector form
a linear system of equations; solving the linear system of
equations to derive the subsequent state vector from the
current state vector; and storing the subsequent state vector
on a non-transitory mformation storage medium.

B: A formation tlow simulation system that comprises: a
data acquisition unit collecting measurements of horizontal
and vertical permeability for at least one bed 1n a formation
penetrated by a vertical borehole; and a computer 1mple-
menting a formation flow simulation method. The simula-
tion method includes: representing the borehole as a linear,
discretized borehole flow path; representing the formation as
a plurality of horizontal layers, each layer of the plurality of
horizontal layers being represented as a linear, discretized
layer flow path; constructing a current state vector having
values of tlow parameters for the discretized borehole flow
path and each of the discretized layer tlow paths; construct-
ing a solution matrix embodying a set of flow equations that
relate the current state vector to a subsequent state vector,
the flow equations employing the measured horizontal per-
meability for flow along the discretized layer tlow path for
the each layer and employing the measured vertical perme-
ability for cross-tlow to or from the each layer, wherein the
solution matrix, current state vector, and subsequent state
vector form a linear system of equations; solving the linear
system ol equations to derive the subsequent state vector
from the current state vector; and storing the subsequent
state vector on a non-transitory information storage medium.

Each of the embodiments A and B may further include one
or more of the following additional features in any combi-
nation: (1) the linear system of equations accounts for
injection of a treatment fluid into the borehole 1n accordance
with a treatment program speciiying at least one of: a flow
rate, an inlet pressure, a fluid density, a fluid viscosity, a fluid
volume, and a duration. (2) the method further comprises
iteratively taking the subsequent state vector as the current
state vector and solving the linear system of equations to

derive a sequence of subsequent state vectors simulating a
flow of the treatment fluid into the formation to obtain a
time-dependent distribution of flow parameters. (3) the
time-dependent distribution of flow parameters includes a
fluid pressure distribution and a horizontal flow rate or tlow
velocity distribution. (4) method further comprises display-
ing a visual representation of the time-dependent distribu-
tion. (5) the system further comprises a monitor displaying
a visual representation of the time-dependent distribution.
(6) the method further comprises adjusting the treatment
program based on the time-dependent distribution. (7) the
measurements further include a height of each bed in the
formation, and wherein said plurality of layers includes one
or more layers for each bed, the one or more layers having
a total height that equals the measured height. (8) the
discretized layer flow paths include staggered discretization
points for pressure and flow rate. (9) the equations calculate
cross-flow between flow-rate discretization points.

Numerous varnations and modifications will become
apparent to those skilled 1n the art once the above disclosure
1s fully appreciated. The ensuing claims are intended to
cover such variations where applicable.
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What 1s claimed 1s:

1. A formation flow simulation method that comprises:

measuring a horizontal and vertical permeability of at

least one bed 1n a formation penetrated by a borehole;
representing the borehole as a linear, discretized borehole
flow path;

representing the formation as a plurality of horizontal

layers, each layer of the plurality of horizontal layers
being represented as a linear, discretized layer flow
path;

constructing a current state vector having values of flow

parameters for the discretized borehole tlow path and
cach of the discretized layer tlow paths;

constructing a solution matrix embodying a set of flow

equations that relate the current state vector to a sub-
sequent state vector, the flow equations employing the
measured horizontal permeability for flow along the
discretized layer flow path for each layer and employ-
ing the measured vertical permeability for cross-tlow to
or from each layer, wherein the solution matrix, current
state vector, and subsequent state vector form a linear
system ol equations;

solving the linear system of equations to derive the

subsequent state vector from the current state vector;
and

storing the subsequent state vector on a non-transitory

information storage medium.

2. The method of claim 1, wherein the linear system of
equations accounts for injection of a treatment fluid into the
borehole 1n accordance with a treatment program specifying
at least one of: a flow rate, an inlet pressure, a fluid density,
a fluid viscosity, a fluid volume, and a duration.

3. The method of claim 2, turther comprising;:

iteratively taking the subsequent state vector as the cur-

rent state vector and solving the linear system of
equations to derive a sequence of subsequent state
vectors simulating a flow of the treatment fluid into the
formation to obtain a time-dependent distribution of
flow parameters.

4. The method of claim 3, wherein the time-dependent
distribution of flow parameters includes a fluid pressure
distribution and a honzontal flow rate or flow velocity
distribution.

5. The method of claim 3, further comprising displaying
a visual representation of the time-dependent distribution.

6. The method of claim 3, further comprising:

adjusting the treatment program based on the time-depen-

dent distribution.

7. The method of claim 3, wherein said measuring further
includes measuring a height of the at least one bed in the
formation, and wherein said plurality of layers includes one
or more layers for the at least one bed, the one or more layers
having a total height that equals the measured height.

8. The method of claim 3, wherein the discretized layer
flow paths include staggered discretization points for pres-
sure and flow rate.

9. The method of claim 8, wherein the equations calculate
cross-flow between flow-rate discretization points.

10. A formation flow simulation system that comprises:

a data acquisition umt collecting measurements of hori-

zontal and vertical permeability for at least one bed 1n
a formation penetrated by a borehole; and

a computer implementing a formation flow simulation

method that includes:
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representing the borehole as a linear, discretized bore-
hole tflow path;

representing the formation as a plurality of horizontal
layers, each layer of the plurality of horizontal layers
being represented as a linear, discretized layer tlow
path;

constructing a current state vector having values of
flow parameters for the discretized borehole flow
path and each of the discretized layer tlow paths;

constructing a solution matrix embodying a set of tlow
equations that relate the current state vector to a
subsequent state vector, the flow equations employ-
ing the measured horizontal permeability for flow
along the discretized layer flow path for the each
layer and employing the measured vertical perme-
ability for cross-flow to or from the each layer,
wherein the solution matrix, current state vector, and
subsequent state vector form a linear system of
equations;

solving the linear system of equations to derive the
subsequent state vector from the current state vector;
and

storing the subsequent state vector on a non-transitory
information storage medium.

11. The system of claim 10, wherein the linear system of
equations accounts for injection of a treatment tluid 1nto the
borehole 1n accordance with a treatment program specifying
at least one of: a flow rate, an inlet pressure, a tluid density,
a fluid viscosity, a fluid volume, and a duration.

12. The system of claim 11, wherein the method further
COmMprises:

iteratively taking the subsequent state vector as the cur-
rent state vector and solving the linear system of
equations to derive a sequence ol subsequent state
vectors simulating a flow of the treatment fluid into the
formation to obtain a time-dependent distribution of
flow parameters.

13. The system of claim 12, wherein the time-dependent
distribution of flow parameters includes a fluid pressure

distribution and a horizontal flow rate or flow velocity
distribution.

14. The system of claim 12, wherein the system further
comprises a display showing a visual representation of the
time-dependent distribution.

15. The system of claim 12, wherein the method further
COmprises:

adjusting the treatment program based on the time-depen-
dent distribution.

16. The system of claim 10, wherein said measurements
further include a height of the at least one bed in the
formation, and wherein said plurality of layers includes one
or more layers for the at least one bed, the one or more layers
having a total height that equals the measured height.

17. The system of claim 10, wherein the discretized layer
flow paths i1nclude staggered positioning of discretization
points for pressure and flow rate.

18. The system of claim 17, wherein the equations cal-
culate cross-flow between flow-rate discretization points.
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